Introduction
Populus nigra L. is a species that occurs within a riparian ecosystem and is widely distributed throughout the northern hemisphere, with a geographical range from Central and South Europe to Central Asia and North Africa (Storme et al. 2004) . In Europe, approximately 99% of the riparian forests are projected to disappear by human use and the regulation of river systems (Lefèvre et al. 1998; Hughes and Rood 2003) . As a consequence, P. nigra has become an endangered species (Braatne et al. 1996; Storme et al. 2004 ). Thus, P. nigra has been the object of conservation and restoration programs Handling Editor: Ana Rincon Contribution of co-authors Joanna Mucha: conducting the experiment, analyzing the data, writing the manuscript. Agata Klaudia Szymańska: conducting the experiment, analyzing the data. Marcin Zadworny: conducting the experiment, writing the manuscript. Tadeusz Tylkowski: designing and conducting the experiment, writing the manuscript. Marcin Michalak: designing and conducting the experiment, writing the manuscript. Jan Suszka: coordinating the research project, designing and supervising the experiment, writing the manuscript.
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The life cycle of riparian black poplar is adapted to hydrogeomorphological conditions (Corenblit et al. 2014) . These morphological, physiological, and biochemical adaptations ensure growth in a disturbed, unstable, and fluctuating environment (Lytle 2001) . In particular, root systems, especially their rapid development, diminish seedling mortality caused by drought in the first summer after seeds have germinated, and the uprooting of plants during winter floods (Karrenberg et al. 2003) . The specific environmental conditions in natural habitats have favored the evolution of preferential root development of P. nigra during the first few years of seedling growth to ensure anchorage and resource acquisition via fine roots (with diameter<2 mm) (Braatne et al. 1996; Hodge et al. 2009) , what is essential in biomass production (Fernández-Martínez et al. 2014) . The function of the root system of P. nigra is also affected by a symbiotic interaction with specific endo-and ectomycorrhizal fungi (Gryta et al. 2006; Harner et al. 2010) . Arbuscular mycorrhizal (AM) fungi contribute to the availability of plant nutrients, including nitrogen (Leigh et al. 2009 ), which is essential to the establishment and growth of young P. nigra seedlings (Rooney et al. 2011) .
Seed storage is the most effective way of preserving the genetic diversity of a plant species (Linington and Pritchard 2001) . P. nigra produces very abundant, non-dormant and short-lived seeds (Seiwa et al. 2008) . This requires the development of seed storage methods that can retain the ability of seeds to germinate after many years. Various seed storage temperatures have been reported for P. nigra, which have resulted in the ability to store the seeds for different lengths of time and still retain sufficient levels of seed viability (Stanton and Villar 1996; Tylkowski 2010; Michalak et al. 2014; Suszka et al. 2014) . Thus far in the literature, optimal seed storage conditions have been assessed on the basis of seed germination (Popova et al. 2012; Malik et al. 2013; Suszka et al. 2014) or seedling emergence (Michalak et al. 2013; Popova et al. 2013) . These parameters do measure the impact of storage temperature on seed viability and initial emergence. However, these assessments may not be sufficient to fully understand the impact of seed storage temperature on the ability of seedlings to successfully establish themselves and grow vigorously in the field, as seedlings need to adapt to the prevailing environmental conditions and to exhibit good development of both shoots and roots.
While there are some data about shoot development and growth after seed storage (Martinez-Montero et al. 2002; Caswell and Kartha 2009) , there is insufficient information on root system development, since different seed storage conditions may affect the subsequent quality of seedlings (viability and vigor) . Stored seeds are subject to various storage disorders that may have a negative impact on seedlings, compared to seedlings derived from seeds that were not stored. Stadelmann et al. (1998) reported differences in the morphological and physiological characteristics of seedlings derived from seeds of two grass species that were stored in liquid nitrogen. A low concentration of nitrogen was observed in the seedlings of Festuca rubra L. due to the weak development of the root system (Stadelmann et al. 1998) . Importantly, a well-developed root system is a prerequisite for adequate colonization by mycorrhizal fungi that enhance nutrient acquisition. Thus, attention should be paid to the interspecific variation in the dynamics of mycorrhizal colonization of seedlings derived from stored versus fresh seed, as Stadelmann et al. (1998) indicated a high level of variability and mycorrhizal colonization of seedlings of F. rubra and Lolium perenne L. that were grown under the same environmental conditions but whose seeds had or had not been subjected to cryopreservation. These results indicate that cryopreservation may not be appropriate for every species, and even the possibility of significant variation in the effect of cryopreservation and other storage conditions on seeds between individual populations of the same species.
Given the importance of well-developed root systems in supplying adequate nutrients for growth and for preventing the dislodging of P. nigra by adverse environmental conditions such as high wind or flooding (Braatne et al. 1996) , it is critical that the formed root system after storage of seeds is extremely similar to that derived from seed which has not been stored. Currently, there is not sufficient information pertaining to how storage conditions induce biochemical changes in seeds that can influence subsequent seedling development (Sershen and Pammeneter 2010; Michalak et al. 2013) . Our previous studies on P. nigra showed, however, that temperatures of −196°C and −20°C did not cause disturbances in seed germination ). Since seed storage conditions impact seedling vigor, via the establishment of the root system and mycorrhizal colonization we tested the hypotheses that in contrast to short-term storage temperatures (3°C and −3°C), long-term storage ones (−196°C, −20°C and −10°C) will not (i) lead to a diminution in specific root length and the content of carbohydrate provided to root, and by this impact negatively the ability of seedlings to established a symbiotic relationship with mycorrhizal fungi, or (ii) influence negatively the occurrence of primary development across absorptive roots of a given order. Therefore, the objective of the current study was to determine the influence of temperature recommended for long-term (−10°C, −20°C, −196°C) and short-term (3°C, −3°C) P. nigra seed storage on development of root traits related to nutrient acquisition. We analyzed morphological -specific root length (SRL), and biochemical parameters (glucose, starch, total nonstructural carbohydrate and nitrogen contents) and root colonization by arbuscular and other mycorrhizal fungi. Additionally, we assessed the evidence of changes in root anatomy (occurrence of primary development, the proportion of cortex in root diameter) across different root orders.
Materials and methods

Plant material
Seeds of black poplar were collected in 2010 from three different individuals growing in floodplains near Czeszewo (52°8'N and 17°30'E). Seeds were collected when catkins first began to crack open, and they were subsequently placed in an environmental chamber at 15°C for 72 h in order to further promote their opening. The seeds were then separated from the cotton-like seed hairs and prepared for storage by diminishing their water content to 7 % of moisture content. Seeds were desiccated in a seed dryer at 20°C for about 1 h to 7 % of moisture content. Seeds were stored in closed plastic vials at four different temperatures (3°C, −3°C, −10°C, −20°C) or cryostored at −196°C in liquid nitrogen (LN) for 24 months. Chosen temperatures are recommended for shortterm (3°C, −3°C) (Tylkowski 2010; Suszka et al. 2014) or long-term (−10°C, −20°C, −196°C) (Sato 1955; Stanton and Villar 1996 ; Tylkowski 2010) storage for poplar seeds. Additionally, fresh seeds that were collected in 2012 were used as a control. Details of the storage protocols were described in Suszka et al. (2014) and Michalak et al. (2014) .
Seed germination and field growth of seedlings
Seeds were placed directly in plastic pots filled with perlite and peat (1:2 v/v), and a thin layer of fine sand on which seeds were sown. The plastic pots were left uncovered and supplied with ample amounts of water. After 4 months of growth, seedlings were transferred and planted in a field plot at the Zwierzyniec Experimental Forest (52°14' 40"N and 17°04'46"E) where the soil is classified as sand or loam sand in the category of a eutrophic cambisol.
Three mature trees (No.1, No.2, and No.3) were the source of seeds not stored or stored at five different temperatures. The experimental design consisted of a total of 18 treatments (three tree sources × six storage conditions) spread at random within two blocks, and with a total of 10 seedlings per treatment (five per block) separated of 25 cm. Seedlings were planted in June 9, 2012 and harvested 1 year later. When collected, root desiccation was prevented by wrapping them in a moist paper towel and transporting them to the lab in a plastic bag. Afterwards, roots were rinsed in tap water. Subsamples of the root system of each sample were scanned with an Epson Perfection V700 Photo Scanner, and subsequently analysed using WinRhizo version 2003. The scanned samples were then dried at 65°C for 3 days and weighed. Specific root length (SRL) was determined by dividing scanned root length by dry mass (m×g
−1
). For biochemical analyses and estimation of degree of fungal colonization, roots with a diameter<2 mm (from seedlings developed from three tree seeds provenance), which are commonly considered as absorptive roots, were used.
Carbohydrate analysis
Roots were dried at 65°C for 72 h, ground into powder in a Retsch MM 200 (Retsch, Haan, Germany), and later used for the chemical analyses.
The concentration of total non-structural carbohydrates (TNC -soluble carbohydrates and starch) was determined according to the method as described by Haissig and Dickson (1979) and Hansen and Møller (1975) with some modifications. The extraction of soluble carbohydrates was performed 3 times in a mixture of methanol:chloroform:water (12:5:3 by volume) (Avantor Performance Materials, Poland) and starch was determined in the precipitate remaining after extraction. Starch within the insoluble material was enzymatically converted to glucose with amyloglucosidase (15 U/ml) (Sigma, St Louis, MO, USA) after 24 h of incubation at 50°C. The concentration of glucose was determined by adding peroxidase-glucose oxidase-o-dianisidine dihydrochloride reagent (Sigma) and measuring absorbance at 450 nm within 30 min incubation at 25°C. To estimate the concentration of soluble sugars, anthrone reagent (Sigma) was added to the extracted samples and placed in water bath (100°C) for 12 min. Afterwards, the reaction mixture was cooled on ice and absorbance was measured at 625 nm within 30 min. The concentrations of soluble sugars and starch (using glucose as a standard) were expressed as a percentage of dry mass.
Degree of fungal colonization
Roots were first treated with 5 % KOH overnight, and after several washings in distilled water, roots were subsequently bleached in an ammonium-hydrogen peroxide solution for 10 min. The treated roots were then stained at 80°C for 15 min in 0.05 % trypan blue (w⁄v) in glycerine, lactic acid, and distilled water at a 1:1:1 ratio by volume (Brundrett et al. 1996) . Afterwards, roots were washed in water that was acidified with a few drops of lactic acid and placed in a destaining solution. The presence of mycorrhizal fungi in the stained roots was assessed under a Carl Zeiss Axioskop 20 light and fluorescence microscope (Carl Zeiss, Jena, Germany). The number of fungal structures in root sections (arbuscules, vesicles, and hyphae to estimate the frequency of mycorrhizal colonization) of the same size (relative to the number of examined cells) was used to quantify the level of fungal colonization as described by Trouvelot et al. (1986) and with aid of the MYCOCALC program (http://www.dijon.inra.fr/ mychintec/Mycocalc-prg/download.html) and expressed as a percentage.
Root order anatomy and nitrogen content
The storage temperature did not affect seed germination nor morphological traits or fungal colonization of seedlings developed from seeds obtained from the parent tree No. 1 (Table 1,  Table S1 ). To check if this lack of effect was also reflected across root order, more detailed anatomical studies were performed. Roots from five seedlings per storage temperature were divided into individual orders as described by Pregitzer et al. (2002) . Only living roots were assessed in this study and were classified based on texture and visual appearance. After harvesting by orders, root were immediately placed in 4 % PFA (paraformaldehyde; Polysciences, Warrington, PA, USA) and 4 % in 0.1 M sodium cacodylate buffer. After 24 h, roots were washed in 0.05 M sodium cacodylate buffer, dehydrated in an alcohol series and embedded in Technovit 7100 resin (Heraeus Kulzer, Wehrheim, Germany). Crosssections (5 μM) obtained with a microtome (Leica RM 2265, Wetzlar, Germany) were stained in 0.05 % toluidine blue O (Sigma, St Louis, MO, USA) in 1 % sodium tetraborate buffer and then examined using a Carl Zeiss Axioscope 20 light and fluorescence microscope (Carl Zeiss, Jena, Germany). The total number of roots analyzed in anatomical studies from 1st to 4th order was 428. In anatomical cross-sections, the following traits were determined: diameter of the root, the width of cortex and stele (to calculate the proportion of cortical tissue in whole root diameter). The primary development was estimated based on the presence of vascular cambium and periderm occurrence, where phellem is the outside layer of periderm (Hejnowicz 2002) .
Root orders were dried at 65°C for 72 h, ground into powder in a Retsch MM 200 (Retsch, Haan, Germany), and later used to determine N and C contents. Nitrogen and carbon contents were determined using an Elemental Combustion System CHNS-O 4010 analyzer (Costech Instruments, Italy/ USA) and expressed as a percentage of dry mass.
Statistical analysis
All percentage data were arc sin transformed prior to analysis according to the Bliss equation. In figures, non-transformed data are presented. A generalized linear mixed model (GLMM) with "tree" as a random factor was applied to examine the effect of storage temperature on morphological root traits and fungal colonization of roots. To estimate this effect, ten seedlings per each treatment grown from seeds originating from three mature trees (No. 1, No.2, No. 3) were considered. Since storage temperature affected neither morphological traits nor colonization by fungi, the effect of storage temperature and root order was determined using a two-way analysis of variance only on seedlings originating from seeds of tree No. 1, where there were no observed differences in seed germination capacity after storage (five seedlings for each treatment). To estimate in detail how temperature treatment influenced anatomical traits within particular root order, one way c F frequency of mycorrhiza in the root system, M intensity of the mycorrhizal colonization in the root system, m intensity of the mycorrhizal colonization in the root fragments, a arbuscule abundance in mycorrhizal parts of the root fragments, A arbuscule abundance in the root system ANOVA was applied. The Tukey test was used to examine the differences between the means (P=0.05). To indicate relationship between studied variables, Pearson's coefficient was used. All analyses were conducted using the statistical analysis software, Statistica version 8.0 (StatSoft Tulsa, OK, USA).
Results
As was confirmed by the GLMM with tree as a random factor, structural and biochemical analyses of fine roots (diameter< 2 mm) did not reveal any significant differences between seeds stored at different temperatures (Table 1 ). For instance, storage conditions did not affect AMF colonization (Table 1) . However, the relative frequency of arbuscules negatively correlated with the concentration of total nonstructural carbohydrates (r=− 0.64, P=0.024) (Table S2 ). When root anatomy was studied, seed storage temperature turned out to have a significant impact on the proportion of roots with primary development (Tables 2 and 3 ). Seed storage at lower temperatures (−196°C and −20°C) resulted in the development of seedlings with a higher mean percentage of roots with primary development than the proportion observed in seedlings from seeds stored at other temperatures (Fig. 1) . The proportion of roots with primary development (derived from seeds stored at −196°C and −20°C) were equal to these observed in fresh seeds (i.e., seeds not stored). Variation was also observed across root orders, and an interaction between root orders and temperature treatment was also significant (Table 2) . Briefly, first-order roots exhibited only primary development, regardless of the storage conditions (Table 3) . However, significant differences in the studied traits were detected in third-order roots but only approached being significant in second-order roots (Table 3) . Within fourth order, apart from roots that developed from freshly harvested seeds, roots of seedlings grown from stored seeds did not display primary development (Table 3) .
Overall, root diameter across root order and seed temperature treatment varied significantly, and a significant interaction between root order and storage temperature was also observed ( Table 2 ). The largest diameter of roots was observed in seedlings that developed from seeds stored at −196°C and −20°C (408 μm±12.6 and 390.7 μm±15.6, mean±SE,respectively) and the more narrow diameter (376.82 μm±15.38) was observed in roots of seedlings that developed from seeds stored at −3°C (Fig. 2 and Table 3 ). The diameter of roots in seedlings derived from fresh seeds was intermediate (395.3 μm± 11.9) (Fig. 2) .
The proportion of cortical tissue to the diameter of whole roots differed significantly among root order and also among storage conditions (Table 2 ). The highest proportion was observed in seedlings that were derived from fresh seeds, and the lowest was in those developed from seeds stored at −10°C and at 3°C (Fig. 3) .
Nitrogen content decreased significantly across root orders, we also observed a significant effect of storage conditions (Table 2) . When data from all four orders of roots were pooled together, the patterns reflected the differences in clustered storage temperatures with the lowest levels of nitrogen content were observed in seedlings derived from seeds stored at −20°C and −10°C, and the highest N levels were in seedlings derived from seeds stored at 3°C and −196°C (Fig. 4) .
The correlation coefficient of average values indicated that the percentage of nitrogen content was positively correlated with the percentage of roots with primary development (r= 0.82, P<0.001), and with the proportion of cortical tissue in root diameter (r=0.79, P<0.001) ( Table 4) .
Discussion
Seed storage for 2 years at −196 and −20°C as well as at the other temperatures tested (3, −3 and −10°C) did not influence morphological and biochemical traits of fine roots as well as colonization by mycorrhizal fungi with seedlings from freshly harvest seeds. However, the effect of seed storage temperature particularly of 3°C, −3°C, and 10°C compared with the other treatments on anatomical traits (primary vs secondary development, proportion of cortical tissue to diameter) that are essential for supplying adequate nutrients for growth was noticeable.
While initial seed viability is an essential aspect of defining optimum conditions for long-term storage (Walters et al. 2004; Popova et al. 2012) , the importance of seed viability on the development of seedling root systems is less understood. In the present study of seedlings grown in field condition, analysis of roots with a diameter <2 mm, which is commonly considered to have absorptive function (Finér et al. 2007) , did not show any significant differences in root system morphology (SRL) after seed storage at different temperatures. Our previous studies indicated that black poplar seeds can be cryostored at an appropriate water content, regardless of the seed origin or quality, without impacting seed viability . Moreover, after 24 months of storage of P. nigra seeds in LN at the optimal level of moisture content, the germination levels of cryostored seeds were similar to freshly harvested seeds . Our current results indicated, however, that seedlings produced from seeds stored at −20°C or −196°C (i.e., cryopreserved seeds) showed a similar percentage of roots with primary development to that of the seedlings from freshly harvested seeds. Seedlings derived from seeds stored at other temperatures have a lower percentage of roots with primary development when compared to the seedlings from freshly harvested seeds. Although the proportion of roots with primary development was provided by significance in the 3 root order, and marginally in the 2nd, architecture of the root system can affect similar to natural (without storage) growth of seedling derived from seed stored in lower temperatures. A high percentage of primary development has been described to increase surface area for effective root resource acquisition (McCormack et al. 2014 ) and the physiological response that is essential for adapting to adverse environmental changes (Smithwick et al. 2013 ). Due to their higher sensitivity to the environment, a high proportion of roots with primary development may result in changes in plant growth that can alleviate the adverse impact of unfavorable environmental conditions (Guo et al. 2004) .
The presence of primary cortex associated with the primary development may also reflect the ability of the root system in relation to resource acquisition and adaptation to different soil conditions. This is of special importance, because our present study indicated that the higher storage temperatures (except for −3°C) had rather a negative impact on cortical tissue proportion, a parameter which is most sensitive to environmental changes (Gu et al. 2014) . Moreover, N concentration was positively correlated with the percentage of roots with primary development and cortical tissue. N content is associated with protein content, respiration, and metabolic activity (Lambers et al. 2005) . Stadelmann et al. (1998) reported that low N concentration and the high C/N ratio could be attributed to the high mortality and poor development of root system in Festuca rubra seedlings obtained from in-vitro culture. Presence of vital cortical tissue is necessary for successful mycorrhizal colonization (Peterson et al. 1999; Brundrett 2002) , as colonization of root tissues by arbuscular mycorrhiza is related to the amount of primary cortex, and differences in root anatomy may impact absorptive ability (Guo et al. 2008 ). However, our study did not show such an obvious dependence, as no differences in the number of arbusculae were observed in relation to seed storage temperature. The plants in our study, however, were grown under optimal conditions, which could explain this lack of dependency, and additionally the correlation found in our study of cortical tissue with nitrogen content may have influenced mycorrhizal colonization. Plant reduce C allocation to AM fungi, since it constitutes a significant cost to the host plant (Olsson et al. 2005) , and high nitrogen content may also reduce C supply to AM fungi (Olsson et al. 2005; Johnson et al. 2010) ; we also found that arbuscule abundance was negatively correlated with total nonstructural carbohydrates in roots. However, under stress conditions that occur with great regularity in the course of growth, the current lack of differences in mycorrhizal colonization can bring unexpected results in the form of weakening growth or descending the tree. A different pattern of colonization towards the currently observed can occur in deteriorated environmental conditions, as Treseder and Allen (2002) indicated that limitation of N enhances AM colonization.
We observed, however, that cryopreservation and storage in −20°C are methods that better retain the characteristics of roots compared with the plants that are not stored (percentage of root with primary development), making them suitable for proper preservation of root system growth pattern of future Populus seedlings. In agreement with the present findings of our studies, Vendrame et al. (2007) did not observe any abnormalities, disease, or nutritional deficiencies in seedlings of Dendrobium that were developed from cryopreserved seeds. Sershen and Pammeneter (2010) , however, reported that Amaryllis belladonna L. seedlings derived from cryopreserved, recalcitrant zygotic embryos were less vigorous and more prone to hydraulic failure than non-preserved seedlings.
Conclusions
Our study demonstrated that the storage of seeds, with appropriate water content, at different temperatures in the range of 3 to −196°C did not have an effect on the morphology or biochemistry of seedling root systems, nor on the level of mycorrhizal colonization. Storage temperature did, however, affect root anatomy (proportion of roots with primary development and proportion of cortex in root diameter), which in turn may alter the ability of the root system to acquire nutrients under adverse environmental conditions. Therefore, detailed studies, not limited to germination assays (evaluate only the potential success of seedling development) but extended to field studies, are needed to develop optimal protocols for seed storage.
Data from the present study indicate that seed storage at −20°C or −196°C will ensure the development of seedling root systems with anatomical traits similar to those of seedlings derived from freshly harvested, not stored seeds.
